We estimated source parameters of 216 intermediate-depth (65-150 km) earthquakes (M w 4.0-7.0) in the Pacific slab beneath Japan along using Hi-net data. We made determinations of static stress drop, radiated energy and radiation efficiency, along with estimates of the whole path attenuation, to study the source scaling as a function of earthquake size and depth. Our results show that there is a small increase in the values of the ratio of radiated energy to seismic moment, as a function of seismic moment, which is due to an associated slight increase of static stress drop with earthquake size. We also estimated the radiation efficiency for these events using the static stress drops and radiated energies. The values of radiation efficiency are slightly lower compared to shallow crustal earthquakes. These results indicate that dissipative energy processes may be relatively more important for intermediate-depth earthquakes.
I N T RO D U C T I O N
In this study, we determined source parameters for moderate (M w 4.0-7.0) intermediate-depth (65-150 km) earthquakes associated with subduction of the Pacific slab under Japan. All these events are considered to be intraplate earthquakes within the slab. Compared to investigations of shallow events, the data are recorded at farther hypocentral distances and are less well studied. We wish to investigate if the scaling of source parameters is dependent on the depth and earthquake size for the shallow and intermediate-depth earthquakes. Some past studies have indicated the possibility that there is a relative increase of the ratio of radiated energy (E R ) to moment (M O ), as moment increases (e.g. Kanamori et al. 1993; Abercrombie 1995; Mayeda & Walter 1996; Izutani & Kanamori 2001; Mori et al. 2003; Mayeda et al. 2005 Mayeda et al. , 2007 Takahashi et al. 2005; Malagnini et al. 2008) , while other studies indicate a constant ratio (e.g. Choy & Boatwright 1995; McGarr 1999; Ide & Beroza 2001; Ide et al. 2003 Ide et al. , 2004 Prieto et al. 2004; Yamada et al. 2005 Yamada et al. , 2007 Baltay et al. 2010 Baltay et al. , 2011 . Since this scaling is important for understanding the rupture physics (e.g. Ide & Beroza 2001; Abercrombie & Rice 2005) and for the prediction of strong ground motions, we examine this issue for intermediate-depth earthquakes. Furthermore, we investigated the radiation efficiency, which is expressed by the radiated energy and the fracture energy. Although the fracture energy cannot be measured directly, it can be inferred from estimates of the static stress drop and radiated energy (Kanamori & Heaton 2000) . The radiation efficiency is a measure of the radiated versus dissipative energy during the earthquake. For example, very deep earthquakes, such as the 1994 Bolivia event, have low radiation efficiency (e.g. Venkataraman & Kanamori 2004) , suggesting the generation of large amounts of thermal energy during the rupture. Estimates of the radiation efficiency for intermediate-depth earthquakes can provide information about the rupture process and may help clarify difference between shallow and deep earthquakes.
DATA
Source parameters were determined for 216 intermediate-depth earthquakes from 2002 June 3 to 2010 December 31, recorded by the High Sensitivity Seismograph Network in Japan (Hi-net), which is operated by the National Research Institute for Earth Science and Disaster Prevention (NIED), as shown in Fig. 1 . The waveforms are available through Hi-net on the NIED webpage (www.hinet.bosai.go.jp, last accessed on 2012 September). The data set consisted of all the events in the depth range of 65-150 km during the time period, with magnitudes M w 4.0-7.0 and recordings on at least eight stations covering a wide range of azimuths with hypocentral distances less than 250 km (Table 1 ). The seismic moments and the focal mechanisms used in this study are available through the Full Range Seismograph Network of Japan (F-net; www.fnet.bosai.go.jp, last accessed on 2012 September) operated by NIED.
We analysed both P waveforms on vertical components and S waveforms on transverse components, which were recorded on 1 Hz seismometers at a sample rate of 100 Hz. The instrument responses were removed using the poles and zeroes information provided by Hi-net. Since Hi-net stations are located in boreholes, we assume that there were generally not strong site responses. All waveforms were visually inspected and data that had high pre-event noise levels were not used in the analyses.
M E T H O D
For the analyses to determine the source parameters, we used 6.0 s time windows around the P and S waves with 10 per cent tapering and a 0.1 Hz high-pass filter. For the two largest events (M w 6.8 and 7.0) longer time windows of 15 s were used. Time-series data were converted to the frequency domain using a fast Fourier transform and source parameters were determined using a simple one corner source model of the far-field displacement spectrum with attenuation, described as (Abercrombie 1995) ,
where 0 is the low frequency amplitude, f is frequency, f C is the corner frequency, t S is the traveltime, Q is the quality factor, n is the high-frequency fall-off rate and γ is a constant. We assume n is equal to 2.0 and γ is 1.0, which reduces to a standard Brune (1970) model. An example of a waveform and spectrum are shown in Fig. 2 . For estimates of source parameters, such as radiated energy and corner frequency, appropriate corrections for the attenuation properties are important, especially since hypocentral distances to the recording stations are relatively far. In this study, we assume a frequency-independent, constant whole path Q. Although a frequency-dependent Q model may be considered, a frequencyindependent attenuation model may be sufficient for these relatively large events that have corner frequencies around 2.0 Hz, since frequency dependence is stronger for the higher frequencies.
Using eq.
(1), we estimated the best fitting Q and the corner frequency for each P and S wave with a grid search. The values of Q were tested in the range of 10-1500 at intervals of 10. The corner frequencies were tested in the range of 0.1-30 Hz at intervals of 0.1. Since there is a strong trade-off between the corner frequency and Q, we tried several procedures. For example, fitting the Q and the corner frequency independently for each event and station pair, gave widely varying estimates of the corner frequency. We found that more stable results were obtained if the corner frequencies were constrained to be the same for the all the P waves and all the S waves, respectively, for each earthquake. This ignores the azimuthal effects of directivity in the source. However, since there is fairly good azimuthal coverage for each earthquake, the results should provide reasonable average values. The Q and the corner frequency results for each earthquake are given in Table 1 . The results show that the Q P values are about 1.16 times higher than the Q S values. The signal-to-noise ratios for S waves are generally smaller than those for P waves, and all are larger than 10 for the frequency range of 0.1-30 Hz.
Some past studies reported that the corner frequencies for P waves are higher than those for S waves (e.g. Molnar et al. 1973; Madariaga 1976; Abercrombie 1995; Prieto et al. 2004) . For circular cracks, Madariaga (1976) pointed out that the ratio of corner frequencies for P and S waves are 1.5 times higher when the take-off angles are larger than 30
• and this ratio is smaller than 1.0 when the take-off angles are smaller than 30
• . Prieto et al. (2004) argue that the ratio of the corner frequencies for P and S waves is 1.6 ± 0.2 for relatively small observed earthquakes (M L 1.8-3.4). The ratio of the corner frequencies for P and S waves in this study for intermediate-depth earthquakes with M w 4.0-7.0 range between 0.5 and 1.6, as listed in Table 1 , with a somewhat smaller average value of 1.2.
In this study, the static stress drop ( σ S ) is calculated using the formula of Brune (1970) using the circular crack model of Eshelby (1957) :
where r is the crack radius. We estimated the crack radius source model using Madariaga (1976) : M O , the seismic moment; M w , the moment magnitude; f C , the corner frequency; σ S , the static stress drop; E R , the radiated energy; η R , the radiation efficiency; Q P and Q S , the quality factor for P and S waves. Date, Time, Lat., Lon. and Dep. are provided by Hi-net (www.hinet.bosai.go.jp; last accessed on 2012 September). M O , M w and the focal mechanisms are provided by F-net (www.fnet.bosai.go.jp; last accessed on 2012 September). f C , σ S , E R , η R , Q P and Q S are estimated in this study.
stress drops for all the events, as listed in Table 1 . The origin times and the source locations of the earthquakes analysed in this study are provided by Hi-net. We estimated the radiated energy, E R , of S waves for each earthquake following the study of Kanamori et al. (1993) :
where h is the hypocentral distances, C f is the free-surface amplification factor, ρ 0 is the density for the rupture area, v is the particle-motion velocity,R 2 is the average of the squared radiation pattern over the whole focal sphere and R is the radiation pattern for this station. The density, ρ 0 , is referred to the model ak135 (Kennett et al. 1995) for each depth of the seismic events. Considering the amplitudes and radiation patterns of the P and S waves for a double-couple source, only about 4 per cent of the radiated energy is carried in the P wave (Boatwright & Fletcher 1984) , so we used only S waves for the estimation of the radiated energy for each event. We calculated the radiation pattern, R, for each station that recorded each event. We used the Q S values obtained earlier to correct for the effects of the anelastic attenuation. The integration of the velocity squared quantity was calculated in the frequency domain so that a correction could be made for the attenuation. For the energy estimates, we use the integration of the observed velocity records, so they do not have any source model dependence. The average radiated energy for each event is shown in Table 1 . The values of the radiated energy have an estimated uncertainty of a factor of about 3.3 mainly due to the uncertainty of the estimates of Q S values.
The radiation efficiency, η R , is defined as the ratio of the radiated energy, E R , to the sum of radiated energy and fracture energy, E G (e.g. Husseini 1977) :
This parameter represents the dynamic properties of the rupture. For example, if the radiation efficiency is very small, then the radiated energy is small compared to the fracture energy, and may behave as a slow earthquake or other type of event with a small proportion of radiated energy, such as discussed by Ihmle (1996) . If we assumed a simple slip-weakening model for the rupture process (e.g. Ida 1972; Palmer & Rice 1973; Li 1987; Kanamori & Brodsky 2004; Venkataraman & Kanamori 2004; Kanamori & Rivera 2006 ) with Orowan's condition such that the final stress is equal to the dynamic frictional stress (Orowan 1960) , then the sum of the radiated energy and the fracture energy can be rewritten as (e.g. Kanamori & Brodsky 2004 )
where D is the displacement, S is the rupture area and μ is the rigidity. We used a value of 68 GPa for the rigidity, μ, in the source region of the intermediate-depth events, calculated from the S-wave velocity with reference to the model of Matsuzawa et al. (1986) and a value of 30 GPa for shallow earthquakes from Kikuchi & Fukao (1988) . From the static stress drop and moment, we can determine the quantity, E R + E G in eq. (6), and thus the radiation efficiency in eq. (5). We note that the energy partition of eq. (6) assumes a linear slip-weakening behaviour which is model dependent. This is one of the simplest types of dynamic rupture models, and other types of rupture models could give different interpretations for these data. The values are listed in Table 1 .
R E S U LT S
In Figs 4(a) and (b), the estimated corner frequencies, f C , and static stress drops, σ S , are plotted as a function of seismic moment, M O . The values show a large range of stress drops from about 0.5 to 30 MPa. There appears to be a slight dependence on the earthquake size, where the average value of the static stress drops increases with increasing moment as M O 0.32 . The stress drop distribution does not appear to increase simply with moment. Rather, there is a large spread of values for the small events, and for the larger events there appear to be fewer low stress events. However this is hard to evaluate since there are also a greater number of smaller events. The vertical bars in Fig. 4(a) show the standard deviation of the values from the multiple stations used for each event. Typically 8-15 stations using both the P and S waves are used for each event. To show the difference in stress drop values obtained using P and S waves, the vertical bars in Fig. 4(b) show the range of values for corner frequencies determined by only P waves and only S waves. The corner frequencies determined by only P waves were not systematically higher or lower than for only S waves. Fig. 5 plots the stress drops as a function of depth and shows no obvious trend.
The estimates of t * (t S /Q) and Q for both the P and S waves are plotted as a function of depth in Figs 6(a) and (b) . In Fig. 6(b) , we can see a range from about 300 to 1000, including the different estimates at each station for one event. The average value of Q for the P waves is 722 which is slightly higher than 625 for the S waves. There is no strong dependence on the event depth for these estimates of t * as a function of depth, suggesting that most of the attenuation occurs in the shallow region which is common to all of the ray paths. Fig. 7 shows the values of the radiated energy, E R , as a function of moment, M O , along with the results from Frohlich (2006) , which show the radiated energy estimated for earthquakes at depths of 70-150 km. The radiated energy is calculated by integration of squared velocity seismogram using a method that is similar to this study. The diagonal lines show values of constant apparent stress (e.g. Wyss & Brune 1968) events in this study spread over a range from about 0.01-1.0. The results show a large scatter in the estimates of the radiated efficiencies. One reason for the scatter may be due to the model assumption of a ω −2 fall-off. Spectral data for earthquake data show variations in the high-frequency fall-off which will affect the estimate of the radiation efficiency. For comparison of other depths, we also include the data for shallow events in southern California and Japan (derived from values in Izutani & Kanamori 2001; Mori et al. 2003; Venkataraman et al. 2006) . The studies of Izutani & Kamamori (2001) , Mori et al. (2003) and Venkataraman et al. (2006) use empirical Green's functions to correct for attenuation and site effects. The results from the studies by Kanamori et al. (1993) , Choy & Boatwright (1995) , Winslow & Ruff (1999) and Frohlich (2006) use assumed Q values for the attenuation correction. Following the definition of the energy budget assumed for a simple slip-weakening model, the radiation efficiency should be 1.0 or less, however, some of our values are larger than 1.0. Some possible reasons for such unphysical values for the radiation efficiency can be due to inaccurate Mori et al. (2003) and Venkataraman et al. (2006) . The horizontal dotted and solid lines are the average values for the shallow and intermediate-depth events, respectively. The vertical solid lines show the range of the values using the upper and the lower bounds of the estimated radiated energy in this study. (c) Frequency distribution of radiation efficiency of intermediated-depth events from this study (grey) and shallow events from Mori et al. (2003) (black) . The intermediate-depth events peak for the radiation efficiency in the range of 0.09-0.27, while the shallow events peak in the higher range of 0.27-0.81.
estimates of the static stress drop and/or the radiated energy, spatial variations in the levels of stress before the earthquake, and more complicated process of stress release. Considering other mechanisms, such as undershoot rupture (e.g. Savage & Wood 1971; Madariaga 1976; Beeler et al. 2003) , could produce different results than assuming the simple model which we assume. Also, our estimate of radiation efficiency assumes that the levels of stress before and after the earthquake are the same for all points of the fault. There is likely heterogeneity in the stress levels which could produce the large values of radiation efficiency. There are also fairly large uncertainties in the estimates of radiated energy and static stress drop. Overestimates of the radiated energy and/or underestimates of the static stress drop can give values of efficiency greater than 1.0.
In this data set, we see that the radiation efficiency does not have a strong dependence on earthquake moment. The two largest events (M w 6.8 and 7.0) in our study have large values of radiated energy but also large static stress drops, so that the radiation efficiency is similar to the rest of the data set within the estimated uncertainly.
One difference we observe between the shallow and intermediatedepth events is a lower value of the radiation efficiency for the earthquakes of this study, compared to shallow crustal earthquakes (Fig. 8b) Mori et al. 2003) as a function of the radiation efficiency is shown in Fig. 8(c) . The peak of the radiation efficiency for the intermediate-depth events is in the range of 0.09-0.27, while the peak for the shallower events is in the higher range of 0.27-0.81. So on average the intermediate-depth 
D I S C U S S I O N
There is an unresolved issue for shallow earthquakes regarding whether the ratio of radiated energy to seismic moment is constant or increases with moment. Examinations of different data sets give different conclusions. For example, Kanamori et al. (1993) , Abercrombie (1995) , Mayeda & Walter (1996) , Izutani & Kanamori (2001) , Mori et al. (2003) , Takahashi et al. (2005) , Mayeda et al. (2005 Mayeda et al. ( , 2007 and Malagnini et al. (2008) indicate an increase of E R /M O , as a function of moment, which suggests a systematic change in the partition of radiated and dissipative energy distribution with size. On the other hand, Choy & Boatwright (1995) , McGarr (1999) , Ide & Beroza (2001) , Ide et al. (2003 Ide et al. ( , 2004 , Prieto et al. (2004) , Yamada et al. (2005 Yamada et al. ( , 2007 and Baltay et al. (2010 Baltay et al. ( , 2011 argue for a roughly constant value, which support self-similar scaling. Takahashi et al. (2005) have analysed data from events at 32-120 km depth (about 30 km shallower than our data) and Baltay et al. (2011) analysed data for shallow and subcrustal earthquakes (intermediatedepth earthquakes were not exclusively studied), however, this issue of scaling has not been extensively studied for intermediate-depth earthquakes.
Combining the results of our study with Frohlich (2006) 17 Nm. One common result of all these studies is that they show a proportional increase of radiated energy as a function of moment.
This slight increase of the E R /M O ratio as a function of moment for the intermediate-depth earthquakes can be seen in Fig. 7 . However, the increase can be associated with the slight increase in static stress drop as a function of moment, which is seen in Fig. 4(b) and the radiation efficiency remains constant (Fig. 8a) . If other source parameters are kept constant, larger static stress drops would produce larger amounts of radiated energy. Therefore, the increasing trend of E R /M O in this study does not seem to be indicative of a change in the partition of radiated and dissipative energy, but simply a consequence of larger static stress drops of the larger events.
In Fig. 5 , the static stress drops as a function of depth do not show any obvious trend indicating there is not a strong dependence on source depth for intermediate-depth intraplate earthquakes, which is similar to the results of Chung & Kanamori (1980) and Houston & Williams (1991) . These results are somewhat different from the study of Iwata & Asano (2011) which observes that source areas are smaller, and thus stress drops, are higher for intermediate-depth earthquakes. Venkataraman & Kanamori (2004) studied M w 6.5 earthquakes and suggested that the static stress drop and the radiation efficiency can be different among different types of earthquakes, especially deep focus events and tsunami earthquakes show low values of radiation efficiency. The estimate of radiation efficiency is one way of looking at the values of radiated energy with consideration of the static stress drop. If increases in the E R /M O ratio are simply due to increases in static stress drop, the radiated efficiency should stay constant. Our results in Fig. 8(a) show that the radiation efficiency appears to be fairly constant as a function of earthquake size for the data set of intermediate-depth events. However, there does seem to be a lower average value of radiation efficiency for the intermediatedepth earthquakes, compared to the shallow crustal earthquakes (Izutani & Kanamori 2001; Mori et al. 2003; Venkataraman et al. 2006) (Fig. 8b) . Chung & Kanamori (1980) also showed that the radiation efficiency decreases for deep events (depths of 110-650 km). Fig. 9 shows the results for depth dependence of the radiation efficiency obtained in this study compared with the other studies cited earlier for different depth ranges. Changes in the radiation efficiency Figure 9 . Radiation efficiency as a function of depth for this study compared to other results over a greater depth range, including deep events from Chung & Kanamori (1980) , and shallow events from Izutani & Kanamori (2001) , Mori et al. (2003) and Venkataraman et al. (2006) . The vertical dotted lines for Chung & Kanamori (1980) show the range of the values with an upper bound assuming a complete stress drop.
at Delft University of Technology on February 11, 2014 http://gji.oxfordjournals.org/ Downloaded from imply changes in the partition between radiated and dissipative energy, so that a lower radiation efficiency of the intermediatedepth events indicates proportionately larger values of fracture energy, or other types of dissipative energy. Contributions of dissipative energy, perhaps melting or other non-elastic processes, may be occurring during intermediate-depth earthquakes. These effects may have even larger effects for deeper earthquakes (Fig. 9 ).
C O N C L U S I O N S
Our study of source parameter determinations of intermediate-depth earthquakes under Japan investigates the scaling of stress drop and radiation efficiency as function of earthquake size and depth. There is a slight increase of the ratio of radiated energy to moment, E R /M O , as a function of moment, which is attributed to a slight increase of static stress drop. The radiation efficiency appears to be constant as a function of earthquake size, indicating that there is a constant proportion of radiated and dissipative energy. In comparison with results for shallow crustal earthquakes, the radiation efficiency is lower, indicating that there is a larger proportion of non-radiated energy for the intermediate-depth earthquakes.
